When the temperature and viscosity of the solvent is held constant, the degree of fluorescence polarization (FP) detected when a fluorescent dye is excited by plane polarized light depends mostly on the molecular weight of the dye molecule. By monitoring the FP of a fluorescent dye molecule, one can detect significant changes in the molecular weight of a fluorescent molecule without separation or purification. The 5Ј-nuclease (TaqMan) assay is a robust single nucleotide polymorphism genotyping method where an allele-specific probe that binds to a perfectly complementary target is cleaved by the 5Ј-nuclease activity of Taq DNA polymerase. Because the TaqMan probe is labeled with a fluorescent dye, it has high FP value when intact but a low FP value after cleavage. In this study, we compared the results of the 5Ј-nuclease assay based on standard fluorescence intensity readings and FP readings when genotyping 90 individuals with 20 single nucleotide polymorphisms. Our results show that FP is just as robust and reliable as the standard fluorescence detection method. Use of FP detection makes it possible to reduce the cost of TaqMan probes by abrogating the need for a fluorescence quencher.
The ability to determine efficiently and unambiguously the mutational status or genotype of an organism has great applications in molecular diagnostics, clinical genetic testing, population genetics, and agricultural biotechnology. High-throughput genotyping methods for single nucleotide variations currently in use discriminate between the alleles by differential hybridization, primer extension, ligation, and allelespecific cleavage of a probe (Kwok 2000) . Homogeneous assays based on these allele discrimination mechanisms are conducted in aqueous solutions without separation or purification by monitoring physical changes when the reagents are turned into products. We have shown previously that fluorescence polarization (FP) is a good detection method in the primer extension assay when a dye-labeled dideoxy terminator is incorporated allele-specifically in the presence of a matching DNA template (Chen et al. 1999) . In this report, we show that FP also is a good detection method for the 5Ј-nuclease (TaqMan) assay, where a fluorescent probe is cleaved during the polymerase chain reaction only when it is annealed to a perfectly complementary template.
When a fluorescent molecule is excited by planepolarized light at the correct wavelength, the fluorescence emitted is also polarized. However, because the molecule rotates and tumbles in space, the FP observed is proportional to the fluorescent molecule's rotational relaxation time (the time it takes to rotate through an angle of 68.5°), which is related to the viscosity of the solvent, absolute temperature, molecular volume, and the gas constant. Therefore, if the viscosity and temperature are constant, FP is directly proportional to the molecular volume, which is directly proportional to molecular weight. If the fluorescent molecule is large (with high molecular weight), it rotates and tumbles more slowly in space and FP is preserved. If the molecule is small (with low molecular weight), it rotates and tumbles faster and FP is largely lost or depolarized. In principle, FP can be used to detect any significant change in molecular weight of a fluorescent molecule. Indeed, FP detection is the basis of numerous clinical and research assays, especially those involved in ligand-receptor binding (Checovich et al. 1995) .
The 5Ј-nuclease assay is one of the simplest diagnostic assays by which one can determine the mutational status of a DNA sample in one step (Livak 1999) . The current detection method in the 5Ј-nuclease assay relies on the increase in fluorescence intensity when a reporter fluorophore is released from its quencher as the doubly labeled probe is cleaved during PCR (Lee et al. 1999) . Because the 5Ј-nuclease assay is one where a large probe is cleaved into small molecules, we reason that FP can be a good detection system for the method (Fig. 1) .
To show that FP detection is indeed suitable for the 5Ј-nuclease assay, we performed the assay with 20 markers on DNA samples from 90 individuals. At the end of the assay, detection and analysis was done by both fluorescence intensity and FP. We report here that both fluorescence intensity and FP gave completely concordant genotypes.
RESULTS
Twenty markers, previously optimized for the 5Ј-nuclease assay, were used in this study (Table 1 ). The two allele-specific probes were labeled with reporter dyes VIC (allele 1) and FAM (allele 2), respectively, and contain a nonfluorescent quencher. In addition, the probes also are fitted with a minor groove binder to keep the probe length to a minimum and maximize the effect of the one-base mismatch Afonina et al. 1997) . Genomic DNA samples of 90 individuals selected from the National Institutes of Health (NIH) Polymorphism Discovery Panel (Collins et al. 1998) were typed for each marker. Six water blanks served as the negative controls. For all 20 sets of experiments (1920 independent genotyping experiments), the fluorescence intensity readings and FP readings at the end of the experiments clustered into four distinct groups (Fig. 2) , representing the four possible outcomes of each genotyping experiment. Figure  2a shows the normalized fluorescence intensities of the individual samples at the end of the assay for marker D2S1301, an anonymous single nucleotide polymorphism (SNP) marker developed in our laboratory (Kwok et al. 1996) . For the negative controls, both probes remain intact at the end of the reaction and the fluorescence of the reporters is quenched. The data points for the negative controls therefore occupy the region near the origin of the scatter plot, where the fluorescence intensities of both VIC and FAM are low. For the samples homozygous for allele 1, the VIC probe is cleaved but the FAM probe remains intact. They are found in the lower right corner of the plot, where VIC fluorescence is high but FAM fluorescence is low. Similarly, homozygotes with allele 2 occupy the upper left corner of the plot, where FAM fluorescence is high but VIC fluorescence is low. For the heterozygotes, both probes are cleaved and they occupy the upper right corner of the plot, where both VIC and FAM fluorescence are high. Figure 2b shows the results of the FP analysis of marker D2S1301. The positive reactions in this case give low FP values (as opposed to high fluorescence intensity values). For the negative controls, both probes remain intact at the end of the reaction and the FP values of both reporters remain high. Therefore, the data points for the negative controls occupy the upper right corner of the scatter plot. For the samples homozygous for allele 1, the VIC probe is cleaved but the FAM probe remains intact. They are found in the lower right corner of the plot, where VIC FP is low but FAM FP is high. Similarly, homozygotes with allele 2 occupy the upper left corner of the plot, where FAM FP is low but VIC FP is high. For the heterozygotes, both probes are cleaved and they occupy the origin of the plot, where both VIC and FAM FP values are low.
Semi-automated genotype assignments are made by taking the ratio between the normalized FP values of VIC and FAM. A sample with a low VIC/FAM ratio represents a homozygous allele 1 sample (cleaved VIC probe, intact FAM probe); a high VIC/FAM ratio represents a homozygous allele 2 sample (intact VIC probe, cleaved FAM probe); a VIC/FAM ratio close to one represents a heterozygote if the absolute FP values of both VIC and FAM are low (both probes are cleaved) but a negative control (or failed PCR) if the absolute FP values of both dyes are high (both probes are intact). Table 2 shows the genotype assignments of 24 DNA samples and six negative controls for marker D2S1301. All genotypes generated by this study have been deposited in dbSNP.
The genotypes called, based on fluorescence intensity readings and FP readings, are compared for all 20 markers (1800 samples total). Table 3 shows the concordance rate of these experiments. All 20 sets of experiments worked the first time, with only three samples where the genotypes could not be called with high confidence (because of weak PCR amplification). When the genotyping assays were redone for the three failed samples, all gave unambiguous and concordant genotypes. In this study, the concordance rate between the fluorescence intensity analysis and FP analysis of the 5Ј-nuclease assay was 100%.
DISCUSSION
The 5Ј-nuclease assay is a proven method for the detection of SNPs. In our hands, the 20 markers performed beautifully the first time under a universal set of conditions. In the current configuration, a modified probe containing a fluorescent reporter, a quencher, and a minor groove binder is required for each allele. ն231, 241, 686, 693, 3188, 3388, 2043, 3308, and 2619) . The bases under the Allele 1 and Allele 2 columns were those reported in the dbSNP entries.
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The use of FP as a detection method opens up the possibility of utilizing a somewhat less costly probe (at least 10%-15% cheaper) without the need for the quencher to be present. In addition, FP detection works best when the cleavage reaction is driven to completion and makes it possible to use a limiting amount of the modified probes, thereby reducing the cost of the reaction even further. Whereas the FP plate reader is comparable in cost to the TaqMan plate reader, the throughput is four times higher because it can read 384 reactions in five minutes. If dyes compatible with FP detection can be found across the visible/ infrared spectrum, a moderate level of multiplexing (up to 20 alleles, or 10 SNP markers) can be achieved. With the proof-of-principle accomplished, work is under way to design allele-specific probes without the quencher to develop 5Ј-nuclease assays for FP analysis. One-step, robust assays requiring minimal handling are the methods of choice in DNA diagnostics. The Cold Spring Harbor Laboratory Press on August 27, 2017 -Published by genome.cshlp.org Downloaded from FP-TaqMan assay, with reduced setup and operating costs, will make DNA diagnostics more accessible to the average laboratory.
METHODS

Source of DNA
DNA samples from 90 individuals of the NIH Polymorphism Discovery Panel (PD0001-PD0090) were used in this study.
PCR Amplification
Genomic DNA was amplified in a 25 µL volume using the 5Ј-nuclease assay kit (PE Biosystems) according to the manufacturer's instructions either on a PE Biosystems 7700 Sequence Detector or on a PE Biosystems 9600 GeneAmp PCR machine. Briefly, the reaction mixture contained 4 ng of genomic DNA, 900 nM each PCR primer, 200 nM each probe, and TaqMan Universal PCR Master Mix (contains AmpErase UNG and AmpliTaq Gold enzymes, dNTPs, and reaction buffer; Applied Biosystems P/N 4304437). TaqMan MGB probes labeled with 6-FAM or VIC (Applied Biosystems P/N 4316033) were used. The reaction mixture was incubated at 50°C for 2 min for AmpErase UNG degradation of any carryover DNA contamination followed by AmpliTaq Gold enzyme activation at 95°C for 10 min before 35 amplification cycles were performed. Each cycle consisted of denaturation at 92°C for 15 sec followed by annealing and primer extension at 60°C for 1 min.
Data Analysis
End-Point Fluorescence Intensity Analysis
The fluorescence intensity of the reaction mixtures was read on the Applied Biosystems 7700 sequence detector using Sequence Detector v1.7 software. The genotypes were called semi-automatically (Livak 1999) .
Fluorescence Polarization Analysis
To each reaction well was added 50 µL of FP reading buffer (50 mM Tris-HCl (pH 9.0), 50 mM KCl, 5 mM MgCl2, 8% glycerol, 0.1% Triton X-100) and 25 µL of ethanol. The FP values were determined on a LJL Biosystems (now Molecular Devices) Analyst plate reader. The VIC and FAM dyes were excited at 520 nm and 485 nm and read at 550 nm and 530 nm, respectively, according to the manufacturer's instructions. The FP readings were exported to a spreadsheet and graphed as a scatter plot. The FP readings were normalized by performing two steps: First, the background FP for each dye was subtracted such that the sample with the lowest VIC reading among all samples was given a value of 1 for VIC and that with the lowest FAM reading was given a value of 1 for FAM; next, the scales of both dyes were equalized by multiplying the FAM FP values by a constant such that the average value of the cluster in the upper left corner was the same as that of the cluster in the lower right corner. The ratios of the normalized VIC and FAM FP values were determined and genotypes were assigned as follows: VIC/FAM <0.2 = allele 1 homozygote; VIC/FAM >5 = allele 2 homozygote; VIC/FAM >0.5 and <3 = heterozygote (if |VIC| and |FAM| FP <15) or negative control/failed PCR (if |VIC| and |FAM| FP >60).
